TBI. The best-characterized fly TBI model is the high-impact trauma (HIT) method. We 16 replicated the HIT method and confirmed several previous findings at the standard level of injury 17 severity. We then expanded upon the HIT model by characterizing mortality across three 18 reduced levels of injury severity. Importantly, we found reduced mortality with reduced injury 19 severity and synergistic effects on mortality in response to repetitive TBI by our moderate injury 20 conditions. Last, we compared moderate, repetitive TBI to a single severe TBI via assessment 21 of the pattern of mortality and geotaxis performance in the 24 h following TBI. We found the 22 number and severity of injuries could result in different patterns of death, while all TBI conditions 23 led to impaired geotaxis compared to uninjured flies at 0.5 h and 6 h post-TBI. Thus, we have 24 extended a well-characterized model of TBI in flies, and shown the utility of this model for 25 making unique insights into TBI across various severities, injury numbers, and time-points post-26 injury. 27 28
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INTRODUCTION 31
In the United States, traumatic brain injury (TBI) annually accounts for greater than 2.5 million 32 emergency room (ER) visits, hospitalizations, and deaths combined (Taylor et al. 2017) . 33
Additionally, half of all mild TBI events are estimated to go unreported (Cassidy et al. 2004) . 34
Mild TBI events, including concussion and sub-concussive impacts, are commonly suffered 35 during sports participation and military deployment (Marar et al. 2012; Helmick et al. 2015; Kerr 36 et al. 2017; Baldwin et al. 2018) . Individuals in contact sports such as football may experience 37 greater than one thousand mild head impacts per year, while approximately 10% of U.S. Army 38 soldiers reported multiple mild TBI events from a previous deployment (Crisco et al. 2010; Wilk 39 et al. 2012) . 40
Severe TBI events are associated with long-term outcomes including greater risk for dementia, 41
and are associated with many hallmarks of neurodegenerative disease (DeKosky and Asken 42 2017; Nordström and Nordström 2018). Individual mild TBI events are not well-linked to long-43 term outcomes, and most TBI-associated conditions resolve within months, particularly in 44 children (Holm et al. 2005) . By contrast, repetitive mild TBI is associated with more prominent 45 impairment or disease, such as a greater risk of neurodegenerative disease in American football 46 players (Lehman et al. 2012; Bailes et al. 2013; Levin and Robertson 2013) . Moreover, rodentmodels of repetitive mild TBI result in neurocognitive deficits, and histological and morphological 48 changes associated with neurodegenerative disease (Mouzon et al. 2012; Ojo et al. 2016; Gold 49 et al. 2018) . Importantly, additional TBI events suffered within days of the first injury result in 50 more negative outcomes due to the combination of primary and secondary injury mechanisms 51 (Laurer et al. 2001; Longhi et al. 2005; Friess et al. 2009; Meehan et al. 2012; Huang et al. 52 2013; Bolton and Saatman 2014; Weil et al. 2014; Bolton Hall et al. 2016) . 53
Two models for studying TBI have been developed for the fruit fly (Drosophila melanogaster): 54 the high-impact trauma (HIT) method, which uses a spring-based device deflected to 90°, and 55 the Bead Ruptor homogenizer method, which uses a programmable homogenizer that can be 56 set to various speeds and durations (Katzenberger et al. 2013; Barekat et al. 2016) . Importantly, 57 use of each method results in classic post-TBI symptoms including impaired locomotion, 58 shortened lifespan, neurodegeneration, intestinal barrier disruption, and activation of immune 59 and autophagy processes (Katzenberger et al. 2013; Barekat et al. 2016; Anderson et al. 2018) . 60
While the Bead Ruptor method offers potential advantages in the ease of scaling primary 61 injuries and inter-experiment standardization, the HIT method is simple, cost-effective, andbetter characterized to date (Katzenberger et al. 2013 (Katzenberger et al. , 2015 (Katzenberger et al. , 2016 Barekat et al. 2016; 63 Anderson et al. 2018) . 64
We sought to standardize the HIT method across several levels of injury severity, thereby 65 extending this well-characterized method to the study of mild to severe TBI events in an easily 66 replicable manner. To this end, we installed fixed, selectable stopping points that limited 67 deflection of the HIT device to either 60⁰, 70⁰, 80⁰, or 90⁰. We found that reducing the angle of 68 deflection greatly reduced mortality, and that repetitive injury at moderate levels of severity 69 resulted in a pronounced synergistic effect on mortality. Moreover, we found that the pattern of 70 death in the 24 h post-TBI could be affected by the nature of repetitive injury. Last, we found 71 that locomotion was impaired when assessed at an early 0.5 h time-point and also during the 72 secondary injury window at 6 h post-TBI, but was no different than controls when assessed 2 h 73 or 24 h post-TBI. 74 
MATERIALS AND METHODS

TBI Methodology 84
Flies were collected using light-CO2 anesthesia. Flies were subjected to traumatic brain injury 85 on or before 5 days after eclosion (dae) using an adapted model of the high-impact trauma 86 (HIT) device (Katzenberger et al. 2013) . Briefly, flies were transferred to an empty vial and the 87 vial was affixed to the end of a compression spring. The vial was deflected to a selectable, fixed 88 stopping point of 60°, 70°, 80° or 90°. The vial was released and allowed to collide with a foam 89 pad covered by a 1/16" rubber pad. Vial deflections were repeated every 15 seconds for the 90 total number of deflections indicated. Flies were immediately hand-transferred to a food vial 91 following the final injury. Uninjured flies were handled identically minus spring deflection and 92 injury. The number of dead flies were counted at designated time-points ranging from 30 93 minutes post-injury to 24 h post-injury. Flies counted at 24 h post-injury were used to determine 94 the mortality index at 24 h (MI 24) (MI24 = # flies dead at 24 h post-injury/total # flies * 100). The 95 MI24/HIT values were determined using the MI24 divided by total number of injuries for the 96 condition. 97
Negative Geotaxis 98
Flies aged 0-4 dae were collected under light-CO2 anesthesia and transferred to food vials. 99
Animals were subjected to TBI, following the same methods as above, and geotaxis testing, at a 100 designated time post-TBI, a minimum of 1 day after CO2 exposure. Individual vials of flies were 101 tested at a single time-point each and a minimum of 5 vials were used for each time-point. Prior 102 to geotaxis testing, flies were hand-transferred to empty vials and given 10 minutes undisturbed 103 on the geotaxis platform to recover prior to experimentation. Vial plugs were kept to within the 104 top 10mm of the vial.
A custom-built geotaxis apparatus which accommodated up to 6 vials simultaneously was used 106 for all geotaxis testing. Briefly, the device consisted of wood and plywood construction affixed to 107 two ring stands used as vertical runners. Geotaxis behavior was initiated by startle whereby the 108 device was lifted to stops on the ring stands which allowed approximately 95mm of vertical 109 movement, dropped, and the process repeated twice more for a total of 3 drops in quick 110 succession. Foam pads were used to cushion both the device and the platform upon which the 111 vials rested. Vials were held in place on the device by use of elastic cords placed around the top 112 10mm of the vial. A webcam (Logitech c270) was used to record each experiment. Table 1 for all categorical count data). Uninjured flies suffered little or no 148 mortality at 24 h, while administration of 1-4HITs resulted in pronounced MI24 with increased 149 death upon increased HIT number ( The differences in MI24/HIT prompted us to look more closely at the pattern of change in 158 mortality across HIT numbers. If mortality is directly proportional to the number of flies which 159 experience a critical injury for each HIT then we would expect the MI24/HIT values compared 160 across HIT numbers to have a zero slope. We used overall count data to determine MI24/HIT 161 values and then fitted these points across 1-4 HITs with a linear best-fit model. At 90⁰ we found 162 that neither w 1118 nor y 1 w 1 had slopes that significantly deviated from zero (Table 2) . 163
Expansion to three levels of reduced injury severity 164
In order to expand the range of primary injury severities by the HIT method, we added 165 additional, fixed, selectable stopping points to reduce the angle of deflection to 80°, 70°, or 60°. 166
We again assessed MI24 outcomes by independently administering 1-4HITs at each of the three 167 new angles of deflection. We found lower MI24 values in each of the new deflection angles when 168 compared to 90° within both w 1118 and y 1 w 1 datasets at each of 1-4HITs ( Fig. 2A-D 
respectively). 169
We also found significantly reduced MI24 with each reduction in deflection angle from 80° to 70° 170 and then 70° to 60° at each of 2-4 HITs within both w 1118 and y genotype-specific differences across deflection angle were seen at 1HIT (Fig. 2A) . Moreover, inboth genotypes we found the MI24 from 1HIT at 60°, our most mild injury severity, was not 173 significantly different than the MI24 in uninjured animals using a significance level of α = 0.005 174 after Bonferroni correction ( Fig. 2A, at each of the sub-90⁰ deflection angles (Fig. 3) . Additionally, differences between both 1HIT 186 and 3HITs, and 2HITs and 4HITs were also seen for w 1118 at 80° ( (Table 1) , thereby giving us 201
conditions by which to test our hypothesis while keeping overall MI24 values comparable. We 202 injured new cohorts of flies by these 3 conditions and recorded mortality post-TBI at times which 203 corresponded to an early, pre-secondary injury window (0.5 h), early peak of the secondary 204 injury period (2 h), delayed peak of the secondary injury period (8 h), and late secondary injury 205 period (24 h). 206
We found the only conditions which generated different patterns in the time-course of death 207
were 80⁰ x 2HITs vs 90⁰ x 1HIT, and this was true for both the w 1118 and y 1 w 1 genotypes (Fig. 4) . 208
Notably, while the overall trends between the two conditions differed for w 1118 there were no 209 pairwise differences by post-hoc testing (Fig. 4) . By contrast, y 1 w 1 flies showed significantly 210 greater late death from 8 h -24 h when injured by 80⁰ x 2HITs vs. 90⁰ x 1HIT (Fig. 4) . Injury via 211 70⁰ x 3HITs resulted in no differences in the time-course of death compared to either the 80⁰ x 212 2HITs or 90⁰ x 1HIT conditions for either genotype (Fig. 4) . across the primary and secondary injury periods, and for TBI of varying severities is not well-225 characterized. Therefore, we extended our characterization of outcomes across several time-226 points and the 70⁰ x 3HITs, 80⁰ x 2HITs, and 90⁰ x 1HIT conditions via a negative geotaxis 227 assay. We restricted our analysis to w 1118 flies which have been best-characterized via this 228 assay to date. We also opted to use a 6 h post-TBI time-point in place of the 8 h time-point used 229
for the time-course of mortality to better capture outcomes during the middle of the peak of the 230 secondary injury window. 231
We determined geotaxis performance by measuring the distance traveled by each fly 5 seconds 232 and 10 seconds after startle, which were similar time-points to previous literature (Gargano et al. penetrance of unknown genetic influences (Katzenberger et al. 2015) . Third, we found that 264 reducing the angle of deflection resulted in less severe primary injuries as indicated by 265 decreased mortality, and extended this finding across the four levels of deflection tested (Fig. 2)  266 ( Anderson et al. 2018) . Fourth, we found that TBI led to diminished locomotor ability that 267 returned to normal levels by 24 h post-TBI (Fig. 5) (Katzenberger et al. 2013 ).
Several of our findings are also novel for this TBI system. First, we found a synergistic effect of 269 additional HITs on mortality by our moderate TBI conditions and short inter-injury intervals (15 270 seconds) (Table 2) . It was previously reported that dividing the MI24 by the number of HITs 271 resulted in no differences when comparing across HIT number (Katzenberger et al. 2013 ). This 272 result was used as evidence that the main factor influencing MI24 across multiple HITs was the 273 likelihood of suffering a critical injury for each HIT, and that secondary injury mechanisms were 274 negligible for injuries spaced closely together as the secondary injury window does not peak 275 until 1-8 h after injury (Katzenberger et al. 2013 (Katzenberger et al. , 2016 . By contrast, we found differences when 276 comparing median MI24/HIT values even at these close (15 second significantly non-zero best-fit line slopes, consistent with properties of the primary injury being 282 most responsible for MI24 at these severe injury levels and short inter-injury interval (Table 2) . 283
By contrast, for our moderate severity injuries at 80⁰ and 70⁰, both w 1118 and y 1 w 1 MI24/HIT data 284 generated positive, significantly non-zero slopes, indicating a synergistic effect of HIT number 285 on mortality. This result suggests that secondary injury mechanisms, or increased susceptibility 286 to injury due to preceding injuries, contributed to MI24 (Table 2) . A non-zero trend in MI24/HIT 287 data was not observed for injuries at 60⁰, though it is possible that such a trend would be 288 evident if injury number was further increased as the MI24 value increased noticeably between 3 289 and 4 HITs for both w 1118 and y 1 w 1 (Table 2) . 290 A second novel finding was the pattern of death in the 24 h following TBI. First, we found a 291 difference in the pattern of death when comparing 80⁰ x 2HITs to 90⁰ x 1HIT within both w 1118 292 and y 1 w 1 genotypes (Fig. 4) . Interestingly, we observed an increased proportion of death in the 293 late period from 8+ h to 24 h post-TBI in the 80⁰ x 2HIT dataset for y 1 w 1 flies (Fig. 4A) , and a 294 similar, nonsignificant trend for w 1118 flies (Fig. 4B ). This finding is consistent with our initial 295 hypothesis that repetitive, moderate injury would lead to a greater proportion of death in the 296 secondary injury period than a single, severe TBI event. However, by contrast to this finding, we 297 found no differences when comparing the pattern of death via 70⁰ x 3HITs to 90⁰ x 1HIT (Fig. 4) . 298
Why might 2HITs at the 80⁰ deflection angle, but not 3HITs at 70⁰, cause a different pattern of 299 death than 1HIT at 90⁰? One possibility is the presence of separate secondary injury 300 mechanisms, one operating on a short time-scale (seconds) and the other the previouslydefined mechanism operating on a longer time-scale (hours) (Katzenberger et al. 2016) . By this 302 model, the administration of 2HITs at 80⁰ causes significant secondary injuries on the longer 303 time-scale and greater death after 8+ h compared to 1HIT at 90⁰ (Fig. 4B) . By contrast, 70⁰ x 304 3HITs and the synergistic secondary effects on the short time-scale exceeds a critical threshold 305 and causes early death before the classic secondary injury period. Such a two-stage secondary 306 injury model may also be applicable to differences between genotypes. By our data, the most 307 common period of death for w 1118 flies regardless of TBI condition was within 0.5 h of injury, 308 while for y (Fig. 4) , consistent with a threshold sensitive to fast secondary injury mechanisms in the 315 genotype more sensitive to these changes. By contrast, the 80⁰ x 2HIT condition which may not 316 exceed the early threshold, caused an increase in death during the later, classic secondary 317 injury period from 2+ h to 8 h in y 1 w 1 flies more susceptible to these mechanisms. 318
Our final novel finding was the more detailed pattern of locomotor dysfunction in the 24 h 319 following TBI and for isolated vs repetitive TBI conditions. We found that flies showed early 320 locomotor dysfunction at 0.5 h compared to uninjured flies for all three TBI conditions tested, but 321 found no differences between TBI conditions at this early time-point (Fig. 5) . We then saw a 322 trend for improved geotaxis scores that were no different than controls by the early stages of the 323 classic secondary injury period at 2 h post-TBI and during the delayed secondary injury period 324 24 h post-TBI, consistent with previous results for 1-2HITs at 90⁰ (Katzenberger et al. 2013 ) 325 (Fig. 5) . More interesting and novel were the impaired geotaxis scores for injured flies at 6 h 326 post-TBI, a time corresponding to the middle of the secondary injury period. However, 327
diminished geotaxis scores at 6 h post-TBI were only different than 2 h scores for the repetitive 328 TBI conditions of 70⁰ x 3HITs and 80⁰ x 2HITs (Fig. 5A) . Thus, all TBI conditions led to early 329 geotaxis impairment and a second impairment during the secondary injury window at 6 h post-330 TBI, while the secondary period difference at 6 h post-TBI was most noted in the repetitive TBI 331 conditions. 332
What are the mechanisms by which closely spaced, mild or moderate injuries synergistically 333 affect TBI outcomes? Secondary mechanisms might include autophagy-related pathways andstress granule formation (Anderson et al. 2018) . In fly larvae, stress granules were not apparent 335 after single TBI events at 60⁰, minimally increased after 4HITs, and substantially increased after 336 8HITs in an apparently synergistic fashion (Anderson et al. 2018) . Alternatively, glutamate 337 release and elevated extracellular potassium are observed immediately or within minutes of TBI 338 (Faden et al. 1989; Katayama et al. 1990 ). Moreover, extracellular potassium scaled with injury 339 severity until plateauing for severe injuries, and changes in extracellular potassium were 340 blocked by addition of tetrodotoxin for moderate but not severe injuries (Katayama et al. 1990) . 341
Thus, dysregulation of neuronal excitability and extracellular potassium operate on short time-342 scales and are responsive to injury severity, which are compatible with our observed synergistic 343 effects for injuries at short inter-injury intervals and for moderate, but not severe TBI. 344
Downstream consequences of misregulated neurotransmission and extracellular potassium are 345 varied, but may include changes in oxidative stress and inflammation (Guerriero et al. 2015; 346 Fehily and Fitzgerald 2017; Khatri et al. 2018) . 347
Our evidence for synergistic effects of mild to moderate TBI and short inter-injury intervals is of 348 consequence to mammals. In mammals the secondary injury window is typically reported as The exact secondary mechanisms underlying the fast synergistic effects we observed are thus 358 far unknown. Moreover, we do not know if synergistic effects at mild to moderate TBI conditions 359 in our model drive other TBI-related consequences observed in flies such as changes in lifespan 360 and inflammation (Katzenberger et al. 2013 (Katzenberger et al. , 2015 (Katzenberger et al. , 2016 Barekat et al. 2016; Anderson et al. 361 2018) . However, our fly model offers an unparalleled platform for rapidly, and systematically, 362 testing candidate factors or pathways for their involvement in TBI outcomes across injury 363 severities, number, and inter-injury interval. Recognition and elucidation of cellular and 364 molecular differences in response to mild vs moderate, single vs multiple TBI events, and 365 across varying time-scales will be important in determining optimal disease-intervention 366 strategies. Our extended model will be central to these efforts going forward.
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